Abstract: There are few allometric equations available for dipterocarp forests, despite the fact that this forest type covers extensive areas in tropical Southeast Asia. This study aims to develop a set of equations to estimate tree aboveground biomass (AGB) in dipterocarp forests in Vietnam and to validate and compare their predictive performance with allometric equations used for dipterocarps in Indonesia and pantropical areas. Diameter at breast height (DBH), total tree height (H), and wood density (WD) were used as input variables of the nonlinear weighted least square models. Akaike information criterion (AIC) and residual plots were used to select the best models; while percent bias, root mean square percentage error, and mean absolute percent error were used to compare their performance to published models. For mixed-species, the best equation was AGB = 0.06203 × DBH 2.26430 × H 0.51415 × WD 0.79456 . When applied to a random independent validation dataset, the predicted values from the generic equations and the dipterocarp equations in Indonesia overestimated the AGB for different sites, indicating the need for region-specific equations. At the genus level, the selected equations were AGB = 0.03713 × DBH 2.73813 and AGB = 0.07483 × DBH 2.54496 for two genera, Dipterocarpus and Shorea, respectively, in Vietnam.
Introduction
There is a significant need globally and in Vietnam to develop equations that estimate forest biomass and carbon for national measuring, reporting, and verification systems. Under the United Nations Framework Convention on Climate Change, countries must report the state of their forest resources through initiatives such as the United Nations collaborative programme on Reducing Emissions from Deforestation and Forest Degradation Plus UN-REDD+ programme [1] in developing The CH has an area of approximately 600,000 ha of the dipterocarp forest located at an elevation of 197 to 417 m with less than 10° slope. Mean annual rainfall is 1600 mm with a dry season lasting four months and mean annual temperature of 25.3 °C [23] . The SE ecoregion has an area of approximately 50,000 ha of the dipterocarp forest located at an elevation of 230 m with less than 3° slope. Mean annual rainfall for this ecoregion is 1003 mm with a dry season lasting three months and mean annual temperature of 25.5 °C [23] . Both ecoregions have a mixed-dipterocarp forest that is distributed primarily on a soil type of igneous rocks [24] with stand density ranging from 256 to 1292 trees ha −1 and basal area ranging from 10 to 25 m 2 ha −1 .
Sampling Design and Data Collection
Forest inventory data for the CH and SE ecoregions was collected with the support of Viet Nam UN-REDD+ Phase I Program. Most of the data for the CH ecoregion was collected by the main author of this study (Huy et al. [25] ) with the support of the Viet Nam Ministry of Education and Training. Thirteen 0.25 ha (50 m × 50 m) plots from the CH, home of the dipterocarp forests in Viet Nam, and one 1 ha plot from the SE ecoregion were surveyed. Attributes measured were plot location, forest status, basal area, slope, soil type, and standing tree measurements: species, DBH (cm), and tree The CH has an area of approximately 600,000 ha of the dipterocarp forest located at an elevation of 197 to 417 m with less than 10 • slope. Mean annual rainfall is 1600 mm with a dry season lasting four months and mean annual temperature of 25.3 • C [23] . The SE ecoregion has an area of approximately 50,000 ha of the dipterocarp forest located at an elevation of 230 m with less than 3 • slope. Mean annual rainfall for this ecoregion is 1003 mm with a dry season lasting three months and mean annual temperature of 25.5 • C [23] . Both ecoregions have a mixed-dipterocarp forest that is distributed primarily on a soil type of igneous rocks [24] with stand density ranging from 256 to 1292 trees ha −1 and basal area ranging from 10 to 25 m 2 ha −1 .
Forest inventory data for the CH and SE ecoregions was collected with the support of Vietnam UN-REDD+ Phase I Program. Most of the data for the CH ecoregion was collected by the main author of this study (Huy et al. [25] ) with the support of the Vietnam Ministry of Education and Training. Thirteen 0.25 ha (50 m × 50 m) plots from the CH, home of the dipterocarp forests in Vietnam, and one 1 ha plot from the SE ecoregion were surveyed. Attributes measured were plot location, forest status, basal area, slope, soil type, and standing tree measurements: species, DBH (cm), and tree height (H, m) of all trees with DBH ≥ 5 cm. Within the sample plots, the selection of sample trees was proportional to the number of trees in each of the 10 cm DBH class. The DBH of sample trees ranged from 5 to 50 cm and heights ranged from 2 to 24 m. A complete list of the species, families, and genera of the sample trees used in modeling is provided in Table 1 . A total of 222 trees were destructively sampled for data collection between the CH (168 trees, 10-15 trees per 0.25-ha plot) and SE (54 trees) ecoregion. Species name was recorded and DBH, H were measured on sample trees prior to felling. Total tree height (H) and green component mass for stems with bark, branches, and foliage was measured post felling. To establish the green-to-dry ratio of each tree, five samples for stem, three for branches, and two for old and new leaves were brought to the laboratory in sealed plastic bags to determine moisture content and reweighed to determine their mass in grams. Samples were then dried at 105 • C until a constant weight was reached [13, 21, 26] . The dry biomass of stem, branches, and leaves was estimated by multiplying the green biomass with the averaged green-to-dry ratio of each component. The total dry weight of a tree (AGB) was obtained by summing the dry biomass of the stem, branches, and foliage.
For wood density (WD) analysis, samples were taken from every one-fifth of the stem length. The water displacement method was used to measure the volume, and the averaged WD (g/cm 3 ) per sample tree was calculated as oven-dry weight divided by volume at saturation. Table 2 shows a summary for each of the predictors and the response variables of the destructively sampled trees for mixed-species and two main genera: Dipterocarpus and Shorea. 
Equation Development and Selection
The dataset was randomly split 200 times into model development dataset (70% or 156 trees) and validation dataset (30% or 66 trees). After selecting, validating, and comparing the equations, the final parameters of the selected equations were obtained using the entire dataset (222 trees).
Equations were developed at two levels: mixed-species (all trees) and dominant genera of the dipterocarps (Dipterocarpus and Shorea). Exploratory analysis of destructively sampled tree data by ecoregion, family, and genus suggested the use of a power model with random effects (Figure 2 
Equations were developed at two levels: mixed-species (all trees) and dominant genera of the dipterocarps (Dipterocarpus and Shorea). Exploratory analysis of destructively sampled tree data by ecoregion, family, and genus suggested the use of a power model with random effects (Figure 2 ). The nonlinear mixed-effects models used in this study had the following form:
where is the observed ABG (kg) for the jth tree associated with the ith ecoregion; and are parameters of the model; and are parameters associated with the random effect of the ith ecoregion; and is the DBH (cm), H (m), WD (g/cm 3 ), DBH 2 H (m 3 ), or DBH 2 HWD (kg) for the jth The nonlinear mixed-effects models used in this study had the following form:
where Y ij is the observed ABG (kg) for the jth tree associated with the ith ecoregion; a o and b o are parameters of the model; a i and b i are parameters associated with the random effect of the ith ecoregion; and X ij is the DBH (cm), H (m), WD (g/cm 3 ), DBH 2 H (m 3 ), or DBH 2 HWD (kg) for the jth tree in ith ecoregion; and ε ij is the random error associated with the jth tree in ith ecoregion. The input variables DBH 2 H and DBH 2 HWD for X ij are approximations of volume and AGB, respectively, and were calculated as follows:
Preliminary analysis also indicated that heterogeneous variance of residuals existed in all AGB models, as the variance tended to increase with increasing diameters. A power variance function as defined in Equation (5) was used to take into account the heterogeneity of residuals.
where σ 2 is the residual sum of squares, X ij is the weighting variable (DBH, DBH 2 H, or DBH 2 HWD in this study), and k is the variance function coefficient. The weighted nonlinear mixed-effects models with a specified variance function were fit using the NLME package [27] in R statistical software [28] . Allometric equations were first developed for mixed-species (all trees) and the best model forms for each input variable were selected. Best models were determined as those with significant parameters, no obvious issues with diagnostic plot, lower Akaike information criterion (AIC), and higher adjusted R 2 . The random effect of ecoregion was then tested for significance. Finally, the equations were built for two dominant genera of dipterocarp forests, Dipterocarpus and Shorea.
Equation Validation and Comparison
Performance of selected equations were validated and compared to each other and to equations developed for the dipterocarp and pantropic forests in terms of percent bias, root mean square percentage error (RMSPE), and mean absolute percent error (MAPE) [29] . These indicators were calculated for the validation dataset and smaller values were preferred. The cross-validation statistics were computed for each realization of randomly selected data and averaged over the 200 realizations [30] .
where, R is the number of realizations (200); n r is the number of trees per realization r; y ri andŷ ri are the observed and predicted AGB (kg) for the ith tree in realization r, respectively. The validation dataset was used to evaluate the performance of the following allometric equations developed for pantropic and dipterocarp forests of Indonesia and compared with the selected equations for mixed-species and genera developed in this study:
Pan-tropic equations for mixed-species: Brown (1997) [12] :
IPCC (2003) [19] :
Chave et al. (2005) [16] for dry forests:
Chave et al. (2014) [17] :
Dipterocarp forest equations of Basuki et al. [13] 
where, log(·) is natural logarithm and all other variables are as previously defined. Finally, after selecting, validating, and comparing the equations with the pantropic and dipterocarp equations in Indonesia, the parameters of the selected equations in this study were obtained using the entire dataset (222 trees).
Results
Sizable differences were observed in WD among tree species, genus, and family. Average and standard deviation of WD for each plant species, genus, and family are presented in Table 1 and Figure 3 . 
where, log(•) is natural logarithm and all other variables are as previously defined. Finally, after selecting, validating, and comparing the equations with the pantropic and dipterocarp equations in Indonesia, the parameters of the selected equations in this study were obtained using the entire dataset (222 trees).
Equations for Mixed-Species
The summary of the model fit for fixed-and mixed-effects models using different covariates to describe AGB in mixed-species forests are given in Table 3 . The adjusted R 2 of all models was more than 0.9 and the models that used separate input variables produced smaller AIC and RMSPE values compared to the models that used combined variables as the covariates. Therefore, equations with separate input variables were selected for mixed-species AGB estimation. Parameter estimates for these equations are presented in Table 4 and all parameters were statistically significant at the 0.001 
The summary of the model fit for fixed-and mixed-effects models using different covariates to describe AGB in mixed-species forests are given in Table 3 . The adjusted R 2 of all models was more than 0.9 and the models that used separate input variables produced smaller AIC and RMSPE values compared to the models that used combined variables as the covariates. Therefore, equations with separate input variables were selected for mixed-species AGB estimation. Parameter estimates for these equations are presented in Table 4 and all parameters were statistically significant at the 0.001 level. Figure 4 shows the plots of fitted values and weighted residuals of those equations. The AIC value of the three-variable (DBH, H, and WD) model with random effect of ecoregion was smaller compared to the same model without random effect. However, there was no substantial changes in the parameter estimates for different ecoregions. Therefore, we selected the fixed-effects model as our final model. The effect of ecoregion was then tested on the selected mixed-species models. The inclusion of ecoregion as a random effect did not improve the model fit (Table 3) , nor did it change the parameter estimates substantially. After examining the between-ecoregion variability of the coefficient of the power equations, we found that there were no significant differences between the two ecoregions. Thus, the selected models with different input variables for mixed-species (equations in Table 4 ) can be applied to either CH or SE without considering the effect of different ecoregions. Among these models, the model with three input variables (DBH, H, and WD) performed the best and had the following form: 
The effect of ecoregion was then tested on the selected mixed-species models. The inclusion of ecoregion as a random effect did not improve the model fit (Table 3) , nor did it change the parameter estimates substantially. After examining the between-ecoregion variability of the coefficient of the power equations, we found that there were no significant differences between the two ecoregions. 
Equations for Dominant Genera
The summary of the model fit for fixed-effects models using different covariates to describe AGB for these genera are given in Table 5 . AIC and R 2 were very close between models for the same genus. Therefore, models with the fewest parameters were selected for parsimony and their parameter estimates are presented in Table 6 . However, as increasing the number of input variables from one (DBH) to three (DBH, H, and WD) did not improve model fit for either genus, the following simple AGB models with DBH as the only independent variable were selected for Dipterocarpus and Shorea, respectively. (19) When differences between observed and predicted AGB values were compared over tree size, no evidence of lack of fit was found. The models predicted AGB across tree sizes well for both Dipterocarpus and Shorea. The plots of fitted and weighted residuals of the selected models showed no trend or patterns for both genera ( Figure 5) .
When differences between observed and predicted AGB values were compared over tree size, no evidence of lack of fit was found. The models predicted AGB across tree sizes well for both Dipterocarpus and Shorea. The plots of fitted and weighted residuals of the selected models showed no trend or patterns for both genera ( Figure 5 ). 
Equation Validation and Comparison
Mixed-species equations: Cross-validation was employed for the four selected mixed-species equations (M1-M4) and compared to the mixed-species equations for dipterocarp of Indonesia (Equations (13) and (14)) and pantropic forests (Equations (9)- (12)). Averaged validation statistics over the 200 realizations for mixed-species equations are presented in Table 7 for all three DBH classes.
The MAPE of the four selected equations (M1-M4) ranged from 24.0% to 25.7%, while the range was from 36.6% to 81.9% for the pantropic equations. Compared to the generic pantropic equations, the equations regionally specific to Viet Nam reduced MAPE by 13% to 56% for dipterocarp forests in Viet Nam. Table 7 . Percent bias, RMSPE, and MAPE for the selected mixed-species models, mixed-species models for dipterocarp forest of Indonesia, and pantropical models for mixed-species by covariate (s).
Covariate (s)
Model DBH Class (cm)
Percent
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Brown (1997) [12] Equation (9) 
Equation Validation and Comparison
The MAPE of the four selected equations (M1-M4) ranged from 24.0% to 25.7%, while the range was from 36.6% to 81.9% for the pantropic equations. Compared to the generic pantropic equations, the equations regionally specific to Vietnam reduced MAPE by 13% to 56% for dipterocarp forests in Vietnam.
The AGB estimates obtained from the four selected mixed-species equations (M1-M4), closely match the observed values of the validation dataset ( Figure 6 ) and produced the lowest values for percent bias, RMSPE, and MAPE in all three DBH classes ( Table 7) . The pantropic equations and the equations developed for dipterocarp forests of Indonesia (Equations (9)- (14)) all overestimated AGB for the validation dataset ( Figure 6 ) and had significantly higher percent bias, RMSPE, and MAPE than produced by equations M1-M4 in all three DBH classes (Table 7) . Table 7 . Percent bias, RMSPE, and MAPE for the selected mixed-species models, mixed-species models for dipterocarp forest of Indonesia, and pantropical models for mixed-species by covariate (s). Figure 6 . Observed vs. predicted AGB obtained from the mixed-species equations developed in this study, pantropical equations, and equations for dipterocarp forest of Indonesia.
Covariate (s)
Genus-level equations:
The selected genus-level models for Dipterocarpus and Shorea (D1 and S1, respectively) were cross-validated and compared to those of Basuki et al. [13] that were developed for the same genera, though located in Indonesia (Equations (15) and (16), respectively). Predictions from Equations (D1), (S1) and (16) closely matched the random validation data, with low values for percent bias, RMSPE, and MAPE in all three DBH classes (Table 8, Figure 7) . The validation statistics (percent bias, RMSPE, and MAPE) were higher for Equation 15, Basuki et al.'s Dipterocarpus equation (overall bias −50.9% vs. 7.9%), but the biases were similar for Shorea (10.4% vs. 9.6%). 
The selected genus-level models for Dipterocarpus and Shorea (D1 and S1, respectively) were cross-validated and compared to those of Basuki et al. [13] that were developed for the same genera, though located in Indonesia (Equations (15) and (16), respectively). Predictions from Equations (D1), (S1) and (16) 
Discussion
We obtained a large dataset consisting of 222 destructively sampled trees from two ecoregions, the original location of dipterocarp forests, to develop biomass equations for the tropical dipterocarp forests of Viet Nam. Since the selection of sample trees was based on the diameter distribution, the number of trees sampled in the larger diameter class is still small. Thus, having additional sample trees in the larger diameter classes would further improve the reliability of these equations. 
We obtained a large dataset consisting of 222 destructively sampled trees from two ecoregions, the original location of dipterocarp forests, to develop biomass equations for the tropical dipterocarp forests of Vietnam. Since the selection of sample trees was based on the diameter distribution, the number of trees sampled in the larger diameter class is still small. Thus, having additional sample trees in the larger diameter classes would further improve the reliability of these equations. Additionally, biomass allometry is affected by stand structure, developmental stage and other stand attributes. Thus, having such attributes in the biomass equations might further improve the predictive ability of such equations. However, this could complicate the model forms.
Input Variables for AGB Mixed-Species Equations for Dipterocarp Forests
Aboveground tree biomass is known to be affected by tree diameter, height, and wood density; diameter and height yield volume with wood density act as a scaling factor for biomass. The mixed-species equations available in this region have used different explanatory variables to estimate aboveground biomass e.g., [12, 13, 16, 17, 19] . For modeling AGB in mixed-species dipterocarp forests, we found that an equation with DBH as the only covariate performed poorly (highest AIC) when compared to equations that also incorporated H, WD, or both H and WD variables. Furthermore, the mixed-species equation developed in this study that incorporated all three variables resulted in the lowest uncertainty and lowest AIC. This could be due to the fact that at the mixed-species level, the wood density component helps in adjusting for the differences in allometric relationship between DBH and H among species. Thus, the best option for mixed-species was the AGB equation with three variables, DBH, H, and WD, in the form of M4. We would like to point out the use of height in fitting biomass equations. Commonly, the height measured after felling the sample trees is used in model development but the standing tree heights are used in applying these equations. This discrepancy in the variable used in model fitting and application can result in biased estimate of the AGB and the magnitude of bias depends on the sign and magnitude of bias in height measurement as well as the model form and coefficients.
Equations at the Mixed-Species Level in the Dipterocarp Forests of Southeast Asia
While generic equations for estimating AGB in tropical forests exist [12, 16, 17, 19] , the dipterocarp forest is a specific forest type dominated by the Dipterocarpaceae plant family and has specific site conditions that differ from those of other forest types. Therefore, the application of pantropic equations for dipterocarp forests must be evaluated.
The mixed-species pantropic equations of Brown [12] , IPCC [19] , and Chave et al. [16, 17] for tropical forests all overestimate the AGB of mixed-species dipterocarp forests in Vietnam ( Figure 6 ). Based on the Vietnam mixed-species validation dataset, the pantropic equations produced higher percent bias, RMSPE, and MAPE than the equations developed in this study for mixed-species dipterocarp forests of Vietnam (Table 7) .
Basuki et al.'s [13] equations for mixed-species dipterocarp forests in Indonesia (Equations (13) and (14)) also overestimated the AGB of mixed-species dipterocarp forests in Vietnam ( Figure 6 ). These mixed-species equations developed based on dipterocarp forests of Indonesia resulted in substantially higher MAPE (94% to 108%) than the selected mixed-species equations developed in this study (24% to 26%). The substantial differences in performance between these sets of equations can partially be explained by the different species used in the studies. There was no overlap in species used in equation development between the 26 species reported by Basuki et al. [14] and the 26 species from this study, despite the fact that they include some of the same main families and genera, such as Dipterocarpus and Shorea. Our evaluation shows that while equations developed for specific ecoregions (e.g., CH or SE) do not increase the reliability and accuracy of the AGB estimates when applied at the mixed-species level of the dipterocarps, regionally specific equations (e.g., Vietnam) offer considerable improvement over pantropic equations or equations developed for other regions (e.g., Indonesia). This finding is supported by the work of Basuki et al. [14] , Nelson et al. (1999) [31] , and Cairns et al. (2003) [32] , which indicated that site-specific equations improve the accuracy of biomass estimates [33] .
Equations at the Genus Level in the Dipterocarp Forests of Southeast Asia
The results demonstrate that the allometric equations developed at the genus-level in different regions (e.g., Vietnam vs. Indonesia) were not significantly different in accuracy ( Figure 7 and Table 8 ).
As a subset of the species list for mixed-species equations, the species list for the Dipterocarpus and Shorea genera used in genus-level equation development by Basuki et al. [13] differed from that of this study (Table 1) . However, the prediction of AGB values from the genus equations of Basuki et al. [13] (Equations 16 for Shorea genus) and from this study (S1) were not substantially different. This could be because the species in the same genus have similar of tree foliage structure, stem form, and in particular the WD, compared to trees in a different genus (Figure 3 ). Such differences are not accounted for in the generic equations. These evaluations support the application of common equations for each plant genus of the dipterocarp forests throughout Southeast Asia. Future research using additional data would further validate our findings.
Conclusions
All variables of diameter at breast height (DBH), height (H), and wood density (WD) affected aboveground biomass (AGB). Increasing number of input variables from one to three reduced the uncertainty of the estimates. However, from an application perspective, a simpler model might be preferred as obtaining the wood density variable is very difficult. In general, for tropical forests with a large number of tree species, using the mixed-species model with multi-tree input variables was appropriate to improve the accuracy of the AGB estimates.
The predicted values from generic equations overestimated AGB in mixed-species dipterocarp forests. Because the dipterocarp forest is a specific forest type, the equations specific to different regions of Southeast Asia are appropriate and increase the reliability and accuracy of the AGB estimates.
The power models with DBH as the only input variable for the Dipterocarpus and Shorea genera were developed and validated for application to the dipterocarps. We speculate that using genus-specific equations improve the reliability of the AGB estimates in the dipterocarp forests over generic mixed-species equations. There were no substantial differences in accuracy among the developed equations for the same genus in different regions or countries. Therefore, it seems reasonable to develop and apply the common equations for each genus of the dipterocarps throughout Southeast Asia.
